We report intrinsic ferromagnetism in monolayer electrides or electrenes, in which excess electrons act as anions. Our first-principles calculations demonstrate that magnetism in such electron-rich two-dimensional (2D) materials originates from the anionic electrons rather than partially filled d orbitals, which is fundamentally different from ferromagnetism found in other 2D intrinsic magnetic materials. Taking the honeycomb LaBr 2 (La 3+ Br − 2 · e − ) as an example, our calculations reveal that the excess electron is localized at the center of the hexagon, which leads to strong Stoner-instability of the associated states at the Fermi energy, resulting in spontaneous magnetization and formation of a local moment. The overlap of extended tails of the wave functions of these electrons mediates a long-range ferromagnetic interaction, contributing to a Curie temperature (T c ) of 235 K and a coercive field (H c ) of 0.53 T, which can be further enhanced by hole doping. The dual nature, localization and extension, of the electronic states suggests a unique mechanism in such magneticelement-free electrenes as intrinsic 2D ferromagnets.
element Cr which has partially filled 3d subshells. The strongly localized nature of the 3d states under the crystal field favors spontaneous spin polarization and leads to the formation of local moments. The observed collective magnetism is a result of the long-range indirect coupling between these 3d local moments via the spatially delocalized 5p orbital of Te or I, by the superexchange (or d-p-d exchange) interaction within the Goodenough-KanamoriAnderson (GKA) rules [47] . For ferromagnetic systems with free electrons, such as FM metals Fe 3 GeTe 2 or VSe 2 , the free carriers can mediate a long-range ferromagnetic coupling between the local moments via the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange (or s-d exchange) or the Zener double-exchange (or p-d exchange) interaction [48, 49] .
Given the enormous interest in both electrenes and 2D intrinsic ferromagnetic materials, it is natural to ask whether an electrene can be magnetic. With such a motivation, we screened more than 6,000 structures in the 2D materials database -2DMatPedia [51] (http://www.2dmatpedia.org/) for magnetic electrenes. Our search resulted in 9 magnetic electrenes out of a total of 24 electrenes [52] . In contrast to the 2D intrinsic magnetic materials reported so far, magnetic electrenes are fundamentally different in two important aspects: they contain no magnetic elements and the magnetism originates from the anionic electrons (to be discussed below). Therefore, the intrinsic ferromagnetism in magnetic electrenes is completely of a different origin and cannot be explained based on known exchange models. In this Letter, taking LaBr 2 as an example, we unveil the origin of local moment and propose a new exchange interaction for long-range ferromagnetic coupling in intrinsic ferromagnetic electrenes. Based on the understanding of the magnetic mechanism, we further propose a method to increase both the Curie temperature and the coercive field.
Our first-principles calculations indicate that the excess electron in LaBr 2 is localized at the center of the hexagon of its honeycomb hexagonal crystal structure and carries a magnetic moment of 1µ B . The wave function shows a dual nature of localization and extension.
While the localization of the anionic electron's wave function contributes to the formation of the local magnetic moment, the extended tail of the wave function mediates a long-range magnetic interaction. This long-range ferromagnetic order leads to a Curie temperature of 235 K and a coercive field of 0.53 tesla (T) , which can be increased by 45% and 36%, respectively, via a 0.1 e/unit-cell (u.c.) hole doping, or equivalently, a hole concentration of ∼ 6.7 × 10 13 cm −2 , indicating its magnetic stability against the thermal and magnetic perturbation. The calculations were performed using the density functional theory (DFT) with generalized gradient approximations and all-electron projector augmented wave method implemented in the Vienna ab initio simulation package (VASP) [53] . Convergence with respect to the on-site Coulomb interaction, the plane-wave cutoff energy and k-point sampling has been carefully checked. The structures were fully relaxed until the atomic forces were less than 0.001 eV/Å. Phonon dispersions and ab initio molecular dynamics (MD) simulations were carried out to confirm the structural stability. We performed Monte Carlo (MC) simulation with the Metropolis algorithm and micromagnetic simulation using the Landau-Lifshitz- Structure of monolayer LaBr 2 .-Layered bulk LaBr 2 was synthesized experimentally in 1989 [54] . Its crystal structure resembles that of 2H-phase of MoS 2 , i.e., a honeycomb hexagonal structure with a layer of La atoms sandwiched between two layers of Br atoms (space group P6 3 /mmc), as shown in Fig. 1(a) . The excess electron in La 3+ Br
confined in the center of the hexagon, free from any of the atomic orbitals, and acts as an anion [ Fig. 1(a) ]. Similar to how graphene is obtained from graphite, layered bulk electrides can be exfoliated into 2D sheets. For example, ML Ca 2 N has been experimentally isolated by liquid exfoliation [28] . The calculated exfoliation energy of LaBr 2 is 0.27 J/m 2 which is lower than that of Ca 2 N (1.13 J/m 2 ) [27] and graphene (0.43 J/m 2 ) [55] , indicating that ML LaBr 2 can be easily isolated using a similar approach. Furthermore, both the calculated phonon spectrum and ab initio molecular dynamics simulation confirm the thermodynamic structural stability of ML LaBr 2 [ see FIG. S4 ].
Origin of local moments.-Two key factors for observed magnetism in magnetic materials are local moments and their long-range coupling [56] . In most of the known magnetic materials, the formation of local moment is associated with magnetic elements with partially filled 3d subshells [38, 39] . The strongly localized nature of the 3d states favors spin-polarized electron configurations and leads to the formation of local moments. However, this is not the case in ML LaBr 2 which has no magnetic elements. Magnetism in LaBr 2 has to be of a complete different origin. Figure 1(b) shows the band structure and density of states (DOS) of ML LaBr 2 calculated without spin polarization. As can be seen, there is a localized state at the Fermi level (E f ), which is mainly from the interstitial electrons labeled as X in Fig. 1(a) . According to the Stoner criterion, g(E f )J > 1, where g(E f ) is the DOS at E f and J denotes the strength of the exchange interactions [60] , this strongly localized state of the interstitial electron is unstable and would lead to spontaneous spin polarization.
The electronic structure of ML LaBr 2 with the spin polarization [ Fig. 1(c) ] shows a local moment of 1µ B per unit cell. The spin-exchange splitting energy (∆ EX ) is around 1 eV, comparable to that of the Mn 3d orbital (1.62 eV) for M = 2 µ B [59] . The calculated electron localization function (ELF), projected DOS, and spin density all confirm that the magnetic moment is mainly contributed by the interstitial electron, labeled as X in Fig. 1(a) .
Mechanism of long-range magnetic order.-The magnetic exchange energy is calculated from the energy difference between two magnetic configurations, a ferromagnetic configuration, in which all moments of the anionic electrons are aligned parallel, and an antiferromagnetic (AFM) configuration, in which moments of neighboring rows of the anionic electrons point to opposite directions, in a 2×2 supercell ( see FIG. S5 ). Specifically, the exchange
Neither the carrier-mediated s-d and p-p, nor orbital-mediated p-d coupling is applicable to this system. Moreover, the angle of 120 degrees between the anionic electrons and La is not ideal for the ferromagnetic superexchange interaction based on the GKA rules [47] .
To understand the coupling between the moments of the anionic electrons, we examine the nature of the electronic states. In Fig. 2(a) , we compare the radial distributions of the wave functions of the Cr 3d and I 5p orbitals, and the anionic electronic states. It is found that the state of anionic electrons is as localized as the atomic d states, and meanwhile, as extended as the atomic p states. Based on this duality (localization and extension) of the electronic states, the formation of the local moment can be expected from the localized feature, while the long-range magnetic coupling can be attributed to the extended nature of the electronic states. Therefore, it is this dual nature of the state of anionic electrons that is responsible for the ferromagnetism in this electrene. As shown in Fig. 2(a) , the wave function of the anionic electron state is well localized, similar to the atomic d states.
Meanwhile, it has a long tail, similar to the atomic p states. We propose that the long-range ferromagnetic interaction in magnetic-element-free ML LaBr 2 is mediated by this extended tail of the wave function, as illustrated in Fig. 2(b) . The calculated spin density of ML LaBr 2 in Fig. 2(b) clearly shows overlap of the anionic electron wave functions between neighboring cells. Different from the direct exchange interaction, which favors a short-range AFM order between strongly localized d states, the long extended tails of the anionic electron wave function align the local moments in a long range, as shown in Fig. 2(b) and FIG. S5 .
As the localization and the extension of the anionic electronic states are two necessary conditions for the long-range magnetic order in LaBr 2 , weakening of either can be expected to reduce the long-range interaction. For example, applying an in-plane biaxial tensile strain of 10% leads to delocalization of the wave functions, while an in-plane biaxial compressive strain of 10% reduces the overlap between the tails of the wave functions, as shown in Fig.   2 (c) and 2(d), respectively, both resulting in weaker exchange interaction compared with the undeformed structure, as shown in Fig. 2(e) , and lower Curie temperature.
Magnetic stability and enhancement.-Curie temperature and the coercive field (H c ) are two key parameters for evaluating the magnetic stability of a ferromagnetic material. High T c and large H c imply ferromagnetic stability against thermal and magnetic perturbations for practical applications of spintronic devices [66, 67] . Here, we carry out Monte Carlo simulation with the Metropolis algorithm [68, 69] to determine the Curie temperature of LaBr 2 and explore possibility of enhancing it. The spin Hamiltonian of the system is written
The calculated T c of ML LaBr 2 is 235 K, in line with 270 K reported in another study [42] .
Since many experiments have demonstrated increase of T c of 2D FM semiconductors by charge doping [39, 66, 67] , it is natural to ask whether the T c of ML LaBr 2 can be raised by a similar approach. To answer this question, we repeated calculations at different levels of charge doping. The inset in Fig. 3(a) shows the dependence of the exchange energy on the doping concentration which is varied from −0.02e (electron doping) to +0.1e (hole doping)
per unit cell. Our MC simulation shows that merely 0.1e/u.c. hole doping can augment the T c to 341 K (45% enhancement). Charge doping can be easily achieved experimentally by applying an external electric field [39, 66, 67] . Here the 0.1e/u.c. hole doping is equivalent to a hole concentration of 6.7 × 10 13 cm 2 , which is comparable to the doping concentration of 2.5 × 10 13 cm 2 in the experiment by Jiang et al. [67] .
To determine the coercive field (H c ) of ML LaBr 2 , we performed micromagnetic simulation based on the Landau-Lifshitz-Gilbert equation [73] 
where m, H eff , γ, µ s , and α, is the normalized magnetization, applied external magnetic field, gyromagnetic ratio, magnetic moment, and Gilbert damping constant, respectively. The simulation was carried out on a LaBr 2 sheet of 1 × 1 µm 2 , which matches the experimental length scale [37] [38] [39] . Figure 3(b) shows the magnetic hysteresis loop of ML LaBr 2 under a varying external magnetic field. As can be seen, ML LaBr 2 has a large coercive field of 0.53 T at 50 K, which is higher than 0.39 T of VS 2 [74, 75] and 0.05 T of CrI 3 at the same temperature [67] . Furthermore, a hole doping of 0.1e/u.c. not only raises the T c , but also enhances the H c to 0.72 T (36% enhancement). This trend is in qualitative agreement with recent experimental observation that hole doping significantly increases both Curie temperature and coercive force of CrI 3 [67] .
Conclusions.-In conclusion, the origin of the local moment and long-range magnetic order in a magnetic-element-free ML LaBr 2 is investigated by first-principles calculations.
The state of the anionic electrons is localized but has extended tails. The localized nature of the anionic electron's wave functions favors spin polarization and formation of local moments. electrides with exotic topological properties [13] . We hope this work will stimulate further experimental and theoretical studies to discover more electrenes and explore new spin physics in this unique kind of 2D intrinsic magnetic systems, which may lead to practical spintronic applications. 
